Abstract
Introduction
Experimental infection of inbred mouse strains with the protozoan parasite Leishmania major leads either to self-healing cutaneous disease (resistant phenotype) or to systemic, fatal disease (susceptible phenotype) depending on the genetic background of the host (1, 2) . These different disease patterns correlate with the production of different cytokines by CD4 ϩ T cells of infected mice: IFN-γ production with resistance and IL-4 production with susceptibility (for review, see 3) . This has been shown either at the mRNA level (4) or at the protein level after re-stimulation of bulk lymph node (LN) cells with L. major antigens in vitro (5, 6) . The functional importance of these different cytokine responses has been demonstrated Correspondence to: F. Sommer Transmitting editor: K. Eichmann Received 24 February 1998 , accepted 31 August 1998 by experiments in which the transfer of L. major-specific T h 1 and T h 2 cell lines to naive hosts led to resistance or susceptibility respectively (7, 8) .
The concept of T h 1 and T h 2 cells was originally based on the observation that many long-term cultured T cell clones produce either IFN-γ and IL-2 (T h 1 cell) or IL-4, IL-5 and IL-10 (T h 2 cell) (9) . A third subset of CD4 ϩ T cells producing cytokines of both the T h 1 and T h 2 subset was added later to this concept, and termed T h 0. It was speculated that T h 0 cells may represent precursors for mature T h 1 and T h 2 cells (10) (11) (12) .
In murine leishmaniasis, it is as yet unknown whether production of IFN-γ and IL-4 reflects induction of typical T h 0, T h 1 or T h 2 cells in vivo, because most data implicating the presence of such cells were derived from short-or long-term cultured T cell clones generated in vitro. Most long-term cultured CD4 ϩ T cell clones with specificity for L. major fell into the typical T h 1 or T h 2 category (7, 8, 13, 14) . In limiting dilution analyses (LDA), short-term clones from L. majorinfected mice secreted either T h 1, T h 2 or various combinations of cytokines (15, 16) . However, since the T cells analyzed in these studies were re-stimulated by antigen, development of the described cell-types could have occured in vitro. These earlier experiments also did not allow to address the question whether the observed cytokine patterns were indeed produced by single cells. This issue is of importance, since in other systems it has been shown that despite a strong T h 1/T h 2 polarization at the population level, the cytokine expression in individual cells can be considerably heterogeneous (17) (18) (19) . Therefore, in the present study the cytokine profile of single cells derived directly from the LN of L. major-infected mice was investigated. Besides analysis of cytokine profiles, this approach allowed us to estimate the number of T h 1-(IFN-γ ϩ ) CD4 ϩ and T h 2-(IL-4 ϩ ) like CD4 ϩ cells in the LN of infected resistant and susceptible mice at different stages of the infection.
Methods

Mice
Specific pathogen-free female BALB/c and C57BL/6 mice were purchased from Charles River Breeding Laboratories (Sulzfeld, Germany) and were used at 6-8 weeks of age.
Infection of mice
The origin and propagation of the cloned virulent line of L. major strain MHOM/IL/81/FEBNI (kindly provided by Dr F. Ebert, Bernhard Nocht Institute, Hamburg, Germany) have been described elsewhere (20) . For infection of mice, 2ϫ10 7 stationary-phase promastigotes were injected s.c. into the left hind footpad.
Chemicals and antibodies
Phorbol myristate acetate (PMA; Sigma, Deisenhofen, Germany) and ionomycin calcium salt (Calbiochem, Bad Soden/Ts, Germany) were dissolved in DMSO at 1 mg/ml and stored at -20°C. Brefeldin A (Sigma) was dissolved in ethanol at 10 mg/ml and stored at 4°C. Saponin was purchased from Sigma. All FITC-or phycoerythrin (PE)-conjugated anticytokine antibodies and Cy-Chrome-conjugated anti-CD44 antibody were purchased from PharMingen (Hamburg, Germany). Cy-Chrome-conjugated anti-CD4 antibody was purchased from Dianova (Hamburg, Germany). Anti-CD45RB antibody (21) was purified from serum-free hybridoma supernatants by affinity to Protein A-Sepharose (Pharmacia, Freiburg, Germany).
MACS separation of CD4 ϩ cells
Positive selection of CD4 ϩ cells from the lesion draining popliteal LN was performed using MACS and anti-CD4 antibody coupled to magnetic beads (Miltenyi Biotec, BergischGladbach, Germany). The separation procedure was performed in accordance with the manufacturer's specifications (22) . Selected cell populations were analyzed by flow cytometry and always contained Ͼ97% of CD4 ϩ T cells.
Generation of dendritic cells (DC)
DC from female C57BL/6 and BALB/c mice were generated as described (23) with modifications recently introduced by M. B. Lutz et al. (in preparation) . Briefly, bone marrow-derived cells were cultured in bacteriological Petri dishes (100 mm diameter; 2ϫ10 6 cells/dish) in 10 ml RPMI 1640, containing streptomycin (100 µg/ml), L-glutamine (2 mM), 2-mercaptoethanol (50 µM), 10% FCS and recombinant murine granulocyte macrophage colony stimulating factor (rmGM-CSF; 20 ng/ml). At day 3, 10 ml medium containing 20 ng/ml rmGM-CSF were added to the plates. At days 6 and 8, half of the culture supernatant was collected, centrifuged, and the cell pellet resuspended in 10 ml fresh medium containing rmGM-CSF and given back into the original plate. At day 10 the cells were harvested and used.
Re-stimulation of CD4 ϩ cells For mitogenic re-stimulation, 1ϫ10 6 /ml of LN cells were cultured in the presence or absence of PMA (50 ng/ml) and ionomycin (750 ng/ml) for 4 h in Click's/RPMI, supplemented as described (19) , and containing 10 µg/ml of brefeldin A, which interacts with the Golgi apparatus leading to enhanced intracellular accumulation of cytokines (24) . For antigenic restimulation, 2.5ϫ10 6 LN cells were cultured together with 9ϫ10 5 DC and 2ϫ10 6 L. major antigen (freeze-thawed preparation of promastigotes) for 12 h in 3 ml Click's/RPMI. Brefeldin A was added during the last 4 h of the re-stimulation period.
Repeated antigenic-stimulation of LN bulk cultures from L. major-infected mice Popliteal LN cells were obtained from BALB/c mice 1 week after infection with L. major. LN cells (5ϫ10 6 ) were stimulated weekly by adding L. major antigen (freeze-thawed preparation of promastigotes; 2ϫ10 6 /well) and 5ϫ10 6 syngeneic, irradiated (20 Gy) spleen cells from uninfected mice as a source of antigen-presenting cells in 3 ml medium in 12-well tissue culture plates. After each re-stimulation step, an aliquot of the cells was allowed to rest for 7 days before re-stimulation by PMA/ionomycin and staining of intracellular cytokines as described above.
Flow cytometric analysis of intracellular cytokines Intracellular staining of cytokines was performed using a method originally developed by Laskay and Anderson (25) and recently modified by Assenmacher et al. (18) . Briefly, cells were harvested and washed once in PBS. Freshly prepared formaldehyde solution (2% in PBS) was added to the cell pellet. Cells were vigourously resuspended and fixed for 20 min at room temperature. After washing in saponinbuffer (PBS containing 0.5% saponin and 1% BSA) the cells were stained for 20 min in 100 µl of saponin-buffer containing FITC-or PE-conjugated anti-cytokine antibody at the following concentrations: anti-IFN-γ-FITC (2.5 µg/ml), anti-IL-2-FITC (2.5 µg/ml), anti-IL-4-FITC (2.5 µg/ml), anti-IL-10-FITC (2.5 µg/ml), anti-IL-4-PE (5 µg/ml), anti-IFN-γ-PE (5 µg/ml), anti-IL-5-PE (5 µg/ml) and anti-CD4-Cy-Chrome (1:100). Thereafter, the cells were washed 3 times with saponin buffer, once with PBS and analyzed by flow cytometry (FACScan; Becton Dickinson, Mountain View, CA) using the Lysys II software. The cytometer was equipped with an argon laser and calibrated using CaliBRITE beads and AutoCOMP software (Becton Dickinson). For clarification and simplification, CD4 ϩ cells which were able to produce a particular cytokine after stimulation will be referred to as positive for this cytokine.
Gating was always restricted to CD4 ϩ cells. Therefore, all depicted data are given in percent of CD4 ϩ cells. All data represent the mean of at least three independent experiments each containing pooled LN cells of four different mice. Control stainings with PE-or FITC-coupled isotype-matched antibody were included in every experiment and never stained Ͼ0.3% of CD4 ϩ T cells.
Analysis of CD44 and CD45RB expression CD4 ϩ cells were purified from the LN cells by MACS and stimulated for 4 h with PMA and ionomycin in the presence of brefeldin A as described above. After harvesting, the cells were stained with either Cy-Chrome-conjugated anti-CD44 antibody (0.1 µg/ml) or anti-CD45RB antibody (1 µg/ml). After washing, the cells loaded with anti-CD45RB were incubated with biotinylated mouse anti-rat IgG antibody (1 µg/ml; Dianova, Hamburg, Germany). Thereafter, remaining binding sites of anti-rat IgG were absorbed by incubation with polyclonal rat IgG (50 µg/ml). Then, anti-rat antibodies were detected by Tri-Color-conjugated streptavidin (Medac, Hamburg, Germany). After washing, cells stained with anti-CD44 mAb or anti-CD45RB mAb were fixed and intracellular staining of cytokines was performed as described above.
Results
Frequency of individual IFN-γ ϩ cells in the LN of susceptible and resistant mice after infection with L. major
To estimate the number of IFN-γ ϩ cells present in the draining LN of L. major-infected mice, CD4 ϩ LN cells were stimulated for 4 h in vitro by PMA/ionomycin and individual IFN-γ-producing cells were detected by intracellular staining of cytokines. In uninfected mice of both strains, the CD4 ϩ compartment in the LN was found to contain only 1% IFN-γ ϩ cells (Fig. 1A ). After infection with L. major, the IFN-γ ϩ population increased to 6% of CD4 ϩ cells in both susceptible and resistant mice (Fig. 1A) . The percentage of IFN-γ ϩ CD4 ϩ cells remained high through week 2 and 3 in both mouse strains, but declined in BALB/c mice at later time points (i.e. week 4 and later). It is noteworthy that in Figs 1(A) and 2(A) the mean data and the respective SD of three completely different experiments are depicted demonstrating the reproducibility of the applied technology.
Cytokine co-production in IFN-γ ϩ CD4 ϩ cells Since in the late phase of the L. major infection the T cell response in BALB/c mice is known to shift towards T h 2, we wondered whether appearance of IFN-γ ϩ cells in BALB/c Induction of IL-4 ϩ CD4 ϩ cells in both susceptible and resistant mice in the early phase of infection As mentioned above, IL-4 production by CD4 ϩ cells in the LN is considered to be causally linked to the susceptibility of BALB/c mice against L. major (3, 26, 32) . Therefore, we next attempted to characterize and quantify single IL-4 ϩ CD4 ϩ cells in the LN of infected mice. IL-4 ϩ CD4 ϩ cells were not detectable in the LN of uninfected BALB/c and C57BL/6 mice ( Fig. 2A) , but, as expected, infection led to the appearance of IL-4 ϩ CD4 ϩ cells in the LN of susceptible mice with an average frequency of 4% of all CD4 ϩ cells. These cells were detected at the earliest 4 days after infection and their level reached a plateau after 7 days (Fig. 2A) . Surprisingly, IL-4 ϩ CD4 ϩ cells were found in the LN of C57BL/6 mice with an even higher percentage (7 versus 4%) after 1 week. Later (i.e. during week 2 and later) the percentage of IL-4 ϩ CD4 ϩ cells strongly decreased in C57BL/6 mice, but not in BALB/ c, where a high proportion (~4%) of IL-4 ϩ cells remained measurable during the analyzed period of infection. It is noteworthy that the very early peak of IL-4 production by CD4 ϩ cells (Ͻ24 h), which has been described to occur in BALB/c, but not in C57BL/6 mice (27), is not addressed herein, because our analysis was started on day 2.
Taken together with the above data, these findings show that during the first week of L. major infection, strong but similar changes in the composition of the CD4 ϩ compartment occur in resistant and susceptible mice: IFN-γ ϩ , as well as IL-4 ϩ CD4 ϩ cells are expanded in both mice.
The herein identified cell populations are probably the source of the mRNA for IFN-γ and IL-4, which was detectable in the LN at this early stage of infection in C57BL/6 and BALB/ c mice (15, 28) . Our data suggest that the simultaneous presence of mRNA for IL-4 and IFN-γ early during infection is not due to the expansion of undifferentiated T h 0 cells (IFN-γ ϩ and IL-4 ϩ ), but is based on the simultaneous development of T h 1-and T h 2-like CD4 ϩ populations in the LN of both mice.
Cytokine co-production in IL-4 ϩ CD4 ϩ cells
In contrast to long-term cultured classical T h 2 cells (IL-4, IL-5, IL-10 production), many short-term in vitro cultured L. major-specific T cells were shown to produce IL-4 together with T h 1 cytokines (IL-2 and IFN-γ) under certain conditions (15, 16) . For this reason, we were interested to analyze cytokine production of early and late appearing IL-4 ϩ CD4 ϩ LN cells. IL-10 ϩ CD4 ϩ T cells were detected at a frequency of 1-2% during the course of the disease in both BALB/c and C57BL/ 6 mice, but the majority (Ͼ75%) of the IL-10 ϩ cells did not co-produce IL-4 ( Fig. 2B) . Staining for IL-10 was reproducible and significant, as compared to the staining with the isotypematched control antibody (Fig. 2B) . No IL-5 ϩ CD4 ϩ T cells were detectable, although the anti-IL-5 antibody stained up to 30% cells of the PMA/ionomycin-activated T h 2 cell clone L1/1 (14) that was used as a positive control (data not shown). This finding is consistent with a previous report showing by the same method that individual CD4 ϩ cells, when stimulated in vitro with bacterial superantigens, express IL-4 but no IL-5 (18). As stated above, staining of IL-4 and the T h 1-cytokine IFN-γ was almost mutually exclusive in individual CD4 ϩ cells. Surprisingly,~50-80% of the IL-4 ϩ CD4 ϩ T cells co-produced the T h 1 cytokine IL-2. Co-production of IL-4 together with IL-2 was found in BALB/c as well as in C57BL/6 mice in the first week of infection (Fig. 3) . Later, both the IL-2 -IL-4 ϩ CD4 ϩ and the IL-2 ϩ IL-4 ϩ CD4 ϩ subsets strongly decreased in C57BL/6 mice. In BALB/c, the proportion of the IL-2 ϩ IL-4 ϩ CD4 ϩ subset within the total IL-4 ϩ subset was high in the first week (60-80%) and declined to 50% by week 3 (Fig. 3) . The overall observed cytokine pattern of CD4 ϩ cells in C57BL/6 was independent of the L. major doses used for infection; however, at lower doses of L. major (1ϫ10 6 ) the frequency of CD4 ϩ cells being positive for a particular cytokine decreased (data not shown).
It is concluded that most of the IL-4 ϩ CD4 ϩ cells induced by L. major infection in mice do not represent typical T h 2 cells, because at least half of these cells co-produce IL-2 and most of the IL-4 ϩ CD4 ϩ cells do not co-produce the typical T h 2 cytokines IL-5 and IL-10. Furthermore the data demonstrate that IL-4 ϩ cells generated in susceptible and resistant mice early during L. major infection do not differ in their ability to co-produce cytokines.
Expression of memory markers in IL-4-producing cells
As described above, we found two types of IL-4 ϩ CD4 ϩ cells: IL-2 ϩ IL-4 ϩ CD4 ϩ and IL-2 -IL-4 ϩ CD4 ϩ . To test for a possible developmental relationsship between these two subsets, the expression of the memory cell markers CD44 and CD45RB by these subsets was analyzed and compared to their respective expression in the IL-2 ϩ IL-4 -CD4 ϩ and IL-2 -IL-4 -CD4 ϩ cell Fig. 3 . Co-production of IL-2 and IL-4 by CD4 ϩ LN T cells during infection with L. major. C57BL/6 and BALB/c mice were infected (four mice per time point and strain) with 2ϫ10 7 stationary-phase L. major promastigotes s.c. into the left hind footpad. After 1, 2 or 3 weeks, the draining LN were removed, single-cell suspensions were prepared, and intracellular staining of IL-2 (x-axis) and IL-4 (y-axis) was performed as described in Methods. Gating was restricted to CD4 ϩ cells according to staining with anti-CD4-Cy-Chrome. One representative out of five independent experiments is shown. subsets (Fig. 4) . The MACS system was used to purify CD4 ϩ T cells from the LN of infected BALB/c mice to homogeneity (Ͼ97% purity). The purified T cells were stimulated by PMA/ ionomycin and simultaneously stained for IL-2, IL-4 and CD44 or CD45RB. Stimulation for 4 h by PMA/ionomycin did not alter the expression of CD44 or CD45RB on the cell surface of CD4 ϩ cells (data not shown). The IL-2 -IL-4 ϩ CD4 ϩ cells expressed low levels of CD45RB (Fig. 4) and high levels of CD44 (not shown), and therefore belonged to the memory subset. Of interest, expression of CD44 and CD45RB in the IL-2 ϩ IL-4 ϩ CD4 ϩ subset did not differ from the IL-2 -IL-4 ϩ CD4 ϩ subset indicating that this subset also consists of memory cells. In contrast, the IL-2 -IL-4 -CD4 ϩ as well as the IL-2 ϩ IL-4 -CD4 ϩ population contained a high proportion of naive cells (Fig. 4 ). These data demonstrate that all IL-4 ϩ CD4 ϩ cells induced by L. major infection, regardless of whether they are also positive for IL-2, carry the surface markers of memory or activated cells. Accordingly, a previous study reported that CD45RB low , but not CD45RB high LN cells from L. major-infected BALB/c mice produce IL-4 when restimulated with L. major antigen in vitro (29) . (Fig. 5 ) with L. major antigen and splenic APC every 7 days. Thereafter, an aliquot of the cells was removed, rested for 7 days, and processed for staining of intracellular IL-2 and IL-4. After the first in vitro re-stimulation a strong increase in the frequency of IL-4 ϩ CD4 ϩ cells was found, but the ratio between the IL-2 -IL-4 ϩ CD4 ϩ subset and the IL-2 ϩ IL-4 ϩ CD4 ϩ remained constant (Fig. 5) . After 4 weeks of re-stimulation, however, despite a further increase in the percentage of IL-2 -IL-4 ϩ CD4 ϩ cells, IL-2 ϩ /IL-4 ϩ CD4 ϩ cells were no more detectable. 5 . Analysis of the in vitro development of IL-2 ϩ IL-4 ϩ and IL-2 -IL-4 ϩ CD4 ϩ T cells. BALB/c mice were infected with 2ϫ10 7 stationaryphase L. major promastigotes s.c. into the left hind footpad. After 1 week, the draining popliteal LN were removed, pooled and singlecell suspensions were prepared. An aliquot of the cells (A; 'day 0') was immediately stimulated by PMA/ionomycin and then processed for intracellular staining of IL-2 and IL-4, as described in the legend of Fig. 1 . The remainder of the cells was re-stimulated weekly with L. major antigens, as described in Methods. After each re-stimulation aliquots of cells were allowed to rest for 7 days, stimulated by PMA/ ionomycin and then analyzed for intracellular IL-2 and IL-4. Panels (B)-(E) show the respective results after one (B; 'day 7'), two (C; 'day 14'), three (D; 'day 21') or four (E; 'day 28') rounds of antigenic restimulation.
Comparison of the cytokine pattern obtained in CD4 ϩ cells by either mitogenic or antigenic stimulation Classification of CD4 ϩ T cells based on cytokine patterns produced after PMA/ionomycin stimulation is only relevant if similar cytokines are induced in individual cells by antigeninduced T cell activation. To prove this assumption, a method was established which allows detection of intracellular cytokines in T cells after antigenic instead of PMA/ionomycin stimulation. After testing of different APC (irradiated splenic cells versus DC) and time intervals, we found that stimulation of LN cells for 12 h by DC and Leishmania antigen was optimal for the detection of antigen-induced cytokines (data not shown). A representative experiment that used this method to determine the cytokine profile of LN cells derived from BALB/c and C57BL/6 mice after 1 week of infection wtih L. major is shown in Fig. 6 . As expected, the frequency of antigen-reactive CD4 ϩ cells was low (between 0.10 and 1.9% of the CD4 ϩ cells), but cytokine staining was reproducible and significant as controlled by isotype-matched control antibodies, which did not stain Ͼ0.02% of the CD4 ϩ cells (data not shown). Importantly, as shown in Fig. 6 , antigenstimulated CD4 ϩ displayed the same cytokine profile as CD4 ϩ T cells stimulated by PMA/ionomycin stimulation:~50% of the IL-4 ϩ cells co-produced IL-2 ( Fig. 6b and f) , but most of the IL-4 ϩ cells did not co-produce IL-10 or IFN-γ (Fig. 6c, d, g  and h) . The leishmania-specific CD4 ϩ cells therefore seem to be a representative part of the LN CD4 ϩ populations described in Figs 1-5.
Discussion
Main conclusions
Analysis of cytokine co-production in experimental murine leishmaniasis has so far been restricted to short-and longterm clonal analysis, where T h 1-type, T h 2-type and T cells secreting various combinations of T h 1 and T h 2 cytokines were found (13) (14) (15) (16) . In the present study, therefore, the method of intracellular staining of cytokines was used to test at the single-cell level whether CD4 ϩ cells expanded during murine leishmaniasis co-produce typical T h 1 and T h 2 cytokines. In order to analyze the complete T h 1/T h 2-like population in the LN, the cells were polyclonally stimulated for 4 h by PMA/ ionomycin. This stimulation has the advantage that it is not dependent on the availability of co-signals or presented antigen. Furthermore, the short stimulation period (4 h) does not permit in vitro development or phenotypical changes of T h 1 and T h 2 cells as they are likely to occur after antigenic re-stimulation of cells in vitro. In addition, for a representative time point after infection, mitogenic and antigenic stimulation were compared and yielded similar cytokine patterns, although the frequency of cytokine positive cells was 10 times lower after antigenic stimulation.
The main conclusions drawn from the data are: (i) most of the IL-4 ϩ CD4 ϩ cells generated during murine experimental leishmaniasis do not show the phenotype of classical T h 2 cells, because they lack IL-5 and IL-10 production and most of them co-produce IL-2; (ii) IFN-γ ϩ CD4 ϩ cells display the phenotype of classical T h 1 cells (IFN-γ and IL-2 production); and (iii) T h 0 cells (IFN-γ and IL-4 production) are not detectable in the LN of L. major-infected mice.
Cytokine co-production in individual CD4 ϩ cells during murine leishmaniasis
From the above data, it can be concluded that the pattern of cytokines produced by single cells during leishmaniasis is not as heterogeneous as has been suggested from the analysis of short-term clones from L. major-infected animals (15) . In contrast to these earlier studies, cells producing IFN-γ together with T h 2 cytokines (IL-4, IL-5) were not detected and (within the analyzed spectrum of cytokines) only two types of IL-4 ϩ cells were found: IL-2 ϩ IL-4 ϩ CD4 ϩ and IL-2 -IL-4 ϩ CD4 ϩ cells. We can, however, not exclude the possibility that the IL-4 ϩ CD4 ϩ subset contains some 'typical' T h 2 cells producing small amounts of IL-5 and IL-10 which are below the detection limit of the applied method.
The role of the atypical IL2 ϩ IL4 ϩ CD4 ϩ population for the differentiation of T h 1 and T h 2 cells during experimental leishmaniasis is unclear. Because these cells are not detectable in the LN of uninfected mice and are of a memory phenotype, it is likely that they have been previously activated by recognition of antigen. Accordingly, we could demonstrate that the IL-2 ϩ IL-4 ϩ cell population contains T cells which recognize L. major antigens. One could speculate that these IL-2 ϩ IL-4 ϩ CD4 ϩ cells give rise to IL-2 -IL-4 ϩ CD4 ϩ cells after further antigenic challenge. Our observation that the IL-2 ϩ IL-4 ϩ CD4 ϩ population disappears in LN bulk cultures after repeated antigenic re-stimulation in vitro, while the frequency of IL-2 -IL-4 ϩ CD4 ϩ cells increases, is compatible with this hypothesis. Moreover, it is suggested from these data, that cytokine profiles observed in single T cells which were repeatedly stimulated in vitro by antigen, do not necessarily reflect the in vivo situation.
Since the IL-2 ϩ IL-4 ϩ cells were not detectable in strongly T h 1 polarized LN (i.e. C57BL/6 mice in the late phase) it is unlikely that this cell population contains precursors for T h 1 cells. Therefore, the IL-2 ϩ IL-4 ϩ CD4 ϩ subset may contain precursor cells exclusively for T h 2 cells. If this is true, it would explain the earlier observation that IL-2 is necessary for a T h 2-type response and progression of the disease in susceptible mice (30) . Alternatively, the IL-2 ϩ IL-4 ϩ CD4 ϩ subset may itself represent a fully differentiated mature cell type that exists besides the IL-2 -IL-4 ϩ CD4 ϩ cells. This issue as well as the functional role of the IL-2 ϩ IL-4 ϩ CD4 ϩ subset in experimental leishmaniasis will be addressed by further investigations.
Comparison of the frequency of IL-4 ϩ and IFN-γ ϩ CD4 ϩ cells expanding during L. major infection in resistant and susceptible mice
Apart from studying cytokine co-production in single cells, we also compared the frequency of T h 1/T h 2-type cells in the LN of resistant and susceptible mice at different time intervals after L. major infection. Quantitative aspects of the so-called T h 1/T h 2 polarization during this infection have been so far investigated by analyzing mRNA expression of bulk CD4 ϩ T cells (3, 4) and LDA (15, 16) showing strong polarization to either T h 1 (resistant mice) or T h 2 (susceptible mice) in the late course of the disease, but suggesting less polarized responses in the early phase of infection (15, 28) . We wondered whether or not the term T h 1/T h 2 polarization describes differences in the total numbers of T h 1 and T h 2 populations in a polarized LN. Alternatively, such polarization might reflect selective activation of few L. major antigen-specific IL-4-or IFN-γ-producing cells in a LN composed of similar numbers of total T h 1-and T h 2-type cells. Our data suggest that the T h 1/T h 2 polarization in L. major-infected mice is indeed associated with changes at the level of total numbers of T h 1 and T h 2 cells, because these changes were even observed after PMA/ionomycin stimulation which should detect all CD4 ϩ cells with the capacity to produce a particular cytokine at a given time point. The changes observed are similar in resistant and susceptible mice during the early phase of infection: T h 1-and T h 2-like (IL-4 ϩ )-cells develop in the LN of both mice with no obvious difference in the phenotype of these cells in the different mouse strains. The estimated frequencies of T h 1 or T h 2 cells in the LN were between 4 and 10% of all CD4 ϩ cells.
In the later course (i.e. week 2 and later) of the disease, the percentage of T h 2-like (IL-4 ϩ CD4 ϩ ) cells decreased strongly in C57BL/6 mice, but not in BALB/c mice. This observation shows that a population of T h 2-like cells as high as 7% of all CD4 ϩ cells in the LN of C57BL/6 mice can be down-regulated to near baseline levels within a few days. It is concluded that development of T h 2-like cells in the LN can be a reversible process. The mechanism leading to such down-regulation is as yet unknown.
The biological relevance of the late decrease in T h 2-like cells for the course of leishmaniasis in resistant mice is difficult to assess. Recent studies suggested that susceptibility to L. major is associated with events occuring in the first 24 h of the disease, such as systemic dissemination of parasites (31) or very early IL-4 production by V β 4 ϩ V α 8 ϩ CD4 ϩ T cells (27) . Our study shows that despite the lack of early IL-4 production, resistant mice expand IL-4 ϩ cells during the first 10 days. However, these cells are essentially V β 4 -(unpublished data) suggesting that different subsets of IL-4-produ-cing CD4 ϩ cells may play distinct functional roles in the disease. Since BALB/c mice are rendered resistant to infection by either disruption of the IL-4 gene or abrogation of the early IL-4 response (27, 32) , induction of IL-4 ϩ CD4 ϩ cells may be necessary for progression of leishmaniasis in susceptible mice, but not be sufficient to cause systemic disease in resistant mice.
